A 5.4-kilobase DNA fragment carrying Pseudomonas denitrificans cob genes has been sequenced, The nucleotide sequence and genetic analysis revealed that this fragment carries five different cob genes (cobA to cobE). Four of these genes present the characteristics of translationally coupled genes. cobA has been identified as the structural gene of S-adenosyl-L-methionine:uroporphyrinogen III methyltransferase (SUMT) because the encoded protein has the same NH2 terminus and molecular weight as those determined for the purified SUMT. For the same reasons the cobB gene was shown to be the structural gene for cobyrinic acid-a,c-diamide synthase. Genetic and biochemical data concerning cobC and cobD mutants suggest that the products of these genes are involved in the conversion of cobyric acid to cobinamide.
A 5.4-kilobase DNA fragment carrying Pseudomonas denitrificans cob genes has been sequenced, The nucleotide sequence and genetic analysis revealed that this fragment carries five different cob genes (cobA to cobE). Four of these genes present the characteristics of translationally coupled genes. cobA has been identified as the structural gene of S-adenosyl-L-methionine:uroporphyrinogen III methyltransferase (SUMT) because the encoded protein has the same NH2 terminus and molecular weight as those determined for the purified SUMT. For the same reasons the cobB gene was shown to be the structural gene for cobyrinic acid-a,c-diamide synthase. Genetic and biochemical data concerning cobC and cobD mutants suggest that the products of these genes are involved in the conversion of cobyric acid to cobinamide.
The cobalamin biosynthetic pathway probably involves 20 to 30 different enzymatic steps, consisting of (i) formation of uroporphyrinogen III (urogen III), which is the common intermediate for the synthesis of hemes, chlorophylls, cobalamins, F430, and sirohemes; (ii) conversion of urogen III into cobyrinic acid, including the methylations at C-1, C-2, C-5, C-7, C-12, C-15, C-17, and C-20, the decarboxylation of the acetic side chain at C-12, the loss of C-20, and the introduction of cobalt; (iii) formation of cobinamide from cobyrinic acid by amidation of six of seven peripheral carboxylic groups, the seventh being amidated by (R)-1-amino-2-propanol; (iv) conversion of cobinamide into coenzyme B12 (for reviews on cobalamin synthesis, see references 3, 4, 18, 28, and 39) . Only one enzymatic activity involved in the transformation of urogen III to coenzyme B12 has been purified (7) , and no biosynthetic intermediate has been purified along the precorrin-3-to-cobyrinic-acid pathway. Cloned genes involved in cobalamin synthesis (cob genes) are valuable tools for the study of the coenzyme B12 biosynthesis at the biochemical and genetic levels. These genes should enable the identification of enzymatic activities and biosynthetic intermediates of the pathway and facilitate the understanding of the nature of biochemical and genetic regulation mechanisms operative in the cob regulon.
We have reported the cloning of at least 14 different genes, involved in cobalamin biosynthesis in Pseudomonas denitrificans, based on complementation data (9) . Of these 14 genes, 12 are involved in the transformation of urogen III into cobinamide. The other two complement Cob mutants blocked in the conversion of cobinamide into cobalamin and are implicated in the last four steps of the cobalamin biosynthetic pathway (18) . All 14 cloned genes are grouped on the P. denitrificans genome in four genomic regions, corre. sponding to complementation groups A, B, C, and D (9) . In contrast, most of the cob genes in Salmonella typhimurium and Bacillus megaterium are clustered (23, 24, 45) . We report the genetic analysis and nucleotide sequence of a 5.4-kilobase-pair (kb) fragment from complementation group C. Part of this fragment is carried by the previously described plasmid pXL190 (9) . At least three genes were found on this fragment by complementation data (9) . Plasmid pXL190 was shown to amplify S-adenosyl-L-methionine (SAM):urogen III methyltransferase (SUMT) when introduced in P. denitrificans (7) . This key enzyme represents an important activity of the pathway since it is the first enzyme after the branch point of the cobalamin and heme pjthways at urogen III. Previous biochemical studies (7) have shown that the enzyme is inhibited by its substrate at concentrations higher than 2 ,uM. In this study, the SUMT structural gene is identified on the 5.4-kb fragment together with four other cob genes. Although cobalamin is synthesized by a large number of bacteria, the cloning of cob genes has so far been reported for three organisms-P. denitrificans (9) , B. megaterium (8) , and S. typhimurium (1) . This is the first report of a genetic analysis of cob genes at the molecular level.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are described in Table 1 . For each of the plasmids constructed, a specific DNA fragment from the pXL157 insert (9) was cloned into either a derivative of RK2 (i.e., pRK290 to generate pXL723, or pRK404 to give pXL1630 and pXL1631) or a derivative of RSF1010 (i.e., pXL59 to lead to pXL302, pXL545, and pXL556, or pXL435 to generate pXL1397); for restriction sites, see Fig. 3 . In addition, a spectinomycin resistance gene from pHP45Q (37) tumefaciens strains have been described previously (9) . The cobalamin concentration was determined by the microbiological assay with the E. coli vitamin B12 auxotroph 113-3 Cbll as the indicator strain (9) . To determine the concentration of the accumulated intermediates, A. tumefaciens or P. putida was cultured for 5 or 3 days, respectively, in a 250-ml Erlenmeyer flask containing 25 General methods. Recombinant DNA techniques used in this study include all the methods previously described (9) . The procedures for mobilizing plasmid DNA from E. coli to other gram-negative bacteria and for complementing cobalamin-deficient mutants of A. tumefaciens and P. putida have already been described (9) . DNA sequencing. Overlapping DNA fragments of 2 to 3 kb, from the pXL191 insert, were generated by using appropriate restriction endonucleases and cloned in both orientation into M13 derivatives (M13mpl8, M13mpl9, M13tgl30, or M13tgl31 [27, 34, 43] ). Progressive unidirectional deletions of each inserted DNA were created by using the procedure developed by Henikoff (21) . Recombinants were transfected into strain TG1 to produce the desired single-stranded templates, which were purified as already described 
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Ci/ml; Amersham France S.A.), and 7-deaza-dGTP, since this nucleotide helps to resolve compression areas which occur in sequencing DNA with a high G+C content (32) . Reactions were analyzed on 0.4-mm 8% acrylamide sequencing gels, which were exposed to X-Omat AR film (Eastman Kodak Co., Rochester, N.Y.). DNA and protein sequences were examined by using Centre de Traitement Interuniversitaire d'Informatique a Orientation Biomedicale (CITI2) sequence analysis programs. Mutagenesis. Three different mutagenesis strategies were used to identify correctly the cob genes on the sequenced DNA fragment. First, chromosomal random TnS insertions were obtained on SBL27 Rif' (7). Tn5SpT was provided by pRK2013::TnSSpF. This plasmid was constructed by inserting a spectinomycin resistance gene from pHP45Qk into the BamHI site of TnS in pRK2013::Tn5 (6, 9). Biparental mating (14) was carried out by mixing exponentially grown cultures of SBL27 Rif and MC1060 (pRK2013::TnSSp). Rifr Spr conjugants were obtained at a low frequency of 10-8 clone per recipient cell after 5 days of incubation at 30°C. Plasmid DNAs from 12 clones were prepared, but no Kmr transformant was found after transformation into E. coli; genomic DNA was also prepared, digested with EcoRI, blotted after electrophoresis, and hybridized with pRK2013::
TnSSpr, labeled by nick translation with [a-32P]dCTP (3, 000 Ci/mmol; Amersham France S.A.). Under these conditions only one fragment hybridized with the probe (if the plasmid was still present, two EcoRI fragments of 6 and 40 kb would hybridize). Therefore, the Rif' Spr conjugants have lost the introduced plasmid and integrated the TnSSpT transposon into their genome. A total of 10,000 Rif' Spr clones were screened for their cobalamin production as previously done for the A. tumefaciens Cob mutants (9) , and 30 cob::TnSSpr mutants were identified as producing less than 100-fold less cobalamin than SBL27 Rif.
In a second procedure, TnS was inserted into the 2.3-kb EcoRI-HindIII fragment cloned in pXL723. Tn5 mutagenesis was performed as described by de Bruijn and Lupski (13), using K 467 to infect LE392(pXL723). After plasmid DNA purification, seven TnS insertions were identified on the 2.3-kb EcoRI-HindIll insert of pXL723.
In a third method, a kanamycin resistance (Kmr) cartridge (from plasmid pUC4KISS) was introduced by marker exchange mutagenesis into P. denitrificans chromosome at the Notl restriction site (position 747) on the 5.4-kb fragment. Plasmids pXL1630 and pXL1631, which contain the Km' cartridge on the disrupted ClaI-RsaI insert, were each introduced into SCS10 Rif by bacterial mating. The exoconjugants obtained were subjected to another biparental mating with MC1060(pR751), and the presence of pR751 and of the Km' cartridge was selected. This selection favored the loss of the pXL1630 (or pXL1631) replicon and the marker exchange, because pXL1630, pXL1631, and pR751 belong to the same incompatibility group, IncP. It was verified by Southern blotting that the two strains generated were derived from SC510 Rif' and contained a chromosomal kanamycin resistance gene at the Notl site.
Nucleotide sequence accession number. The sequence of the 5.4-kb fragment has been assigned the GenBank accession number M32223. RESULTS DNA sequence of the 5.4-kb fragment from complementation group C. A 5.4-kb fragment from pXL157 was sequenced. This fragment is bounded by a ClaI site at its left end and a HindlIl site at its right end and has two internal HindIll sites. It was chosen because the amplification of one of its subfragments in P. denitrificans SC510 Rifr increases SUMT activity by a factor of 50 (7) . Complementation analysis of the 5.4-kb fragment showed that it carried at least three cob genes (9) .
The sequence shown in Fig. 1 (Fig. 3 ). The mutated plasmids were then transferred into three Cob mutants, G572 (a P. putida Cob mutant), and G634 and G643 (A. tumefaciens Cob mutants), as previously described (9) . Strains G572 and G643 were not complemented by insertions.15, 27, 68, 81, or 97, and G634
was not complemented by insertions 66 or 107 (Fig. 3) . Two classes of insertions were identified, those that prevent the complementation of G572 .and G643 and those that prevent the complementation of G634. For each class, the insertions were mapped in the same ORF previously identified by the nucleotide sequence. It was therefore concluded that ORF4 and ORF5 are two cob genes, named cobC and cobD, respectively.
A TnsSpr was used for making transposon mutagenesis into P. denitrificans SBL27 Rif. SC510, derived by several mutagenesis steps from SBL27, produces more cobalamin. Of the Cob mutants obtained, four insertions, 2636, 2638, 2639, and 2933, were identified and precisely mapped by Southern blot analysis on the 5.4-kb fragment (Fig. 3) . Insertion 2639 was found in ORF4 and complemented by pXL302, which contains cobC and cobD. Insertions 2636 and 2638, mapped in ORF3, were not complemented by pXL302 but were complemented by pXL1397, which contains ORF3 and ORF4. Therefore, it was concluded that ORF3 is a cob gene, cobB. Insertion 2933, mapped in ORF2, was complemented by plasmid pXL190 but not by plasmid pXL1397. Mutants for which TnSSpr has been mapped into ORF3 and ORF4 were. complemented by plasmid pXL1397. It was therefore concluded that insertion 2933 inactivates cobA, corresponding to ORF2.
The Kmr cassette from plasmid pUC4K was introduced into ORFi on the genome of SCS10 Rif, through marker exchange mutagenesis. The transcription of the Kmr gene from transposon Tn9O3 is known to continue downstream of the gene, allowing the expression -of genes at the 3' end (2). Insertions 1630 and 1631 differ in the orientation of transcription of the KmT gene (Fig. 3) NH2-terminal sequencing of the purified SUMT was performed, and the sequence of the first 10 amino acids was found to be Met-Ile-Asp-Asp-Leu-Phe-Ala-Gly-Leu-Pro. 4). More than 41% of strict homology is observed between the two proteins. This homology occurs on most of the SUMT sequence (from residues 3 to 259) and corresponds to the carboxy terminus of the E. coli protein (from residues 204 to 454). Interestingly, there are three domains of higher homology between CobA and CysG (Fig. 4) . It is probable that these domains, are involved in the active site of the enzyme. The S. typhimurium cysG gene is' believed to catalyze at least the same reaction as SUMT (23) , since cysG mutants are blocked in both cobalamin and siroheme synthesis. These pathways are supposed to share the conversion of urogen III into precorrin-2, which is catalyzed by SUMT (7) . Thus the homology detected between P. denitrificans SUMT and E. coli CysG might be specific for SUMT activity. It is noteworthy that cobA is clustered with cob genes in P, denitrificans, whereas cysG is not found near the cobI to cobIII region in S. typhimurium (23) .
Genetic studies of cobA. Plasmids pXL545 and pXL556 (Fig. 3) wete transformed ipto the E. coli cysG strain B5548. There was no complementation for the cysG mutation on minimal M9 medium, whereas plasmid pHM1 (29) , which carries the E. coli cysG gene, did complement the mutation. These results could be interpreted by either an insufficient level of expression of cobA for complementation or the inability of cobA to complement the E. coli cysG mutant.
The most likely explanation for the latter would be that the CysG protein carries two domains: the amino-terminal domain, which catalyzes the conversion of precorrin-2 into siroheme (consisting of an oxydation and Fe2" chelation), and the CobA homologous carboxy-terminal domain, responsible for SUMT activity. We have reported the isolation of P. denitrificans Cob mutants with reduced SUMT activity (i.e., less than 2% of the parent level) which continue to grow on minimal medium without cysteine (7) . This suggests that CobA does not support the transformation of precorrin-2 into siroheme.
Identification of the structural gene encoding cobyrinic acid a,c-diamide synthase. The purification of P. denitrificans cobyrinic acid a,c-diamide synthase, a homodimer of Mr 2 x 45,000, will be described elsewhere (L. Debussche, D. Thibaut, B. Cameron, J. Crouzet, and F. Blanche, submitted for publication). Since the substrate for this reaction can be either cobyrinic acid or hydrogenobrynic acid, the enzyme must be active on both the corrin and the descobalto corrin nuclei. This activity is responsible for the amidation of carboxylic groups at positions a and c. NH2 groups are provided by glutamine, and one molecule of ATP is hydrolyzed for each amidation. The scheme of the reaction, using cobyrinic acid as the substrate, is shown in Fig. 5 . The amplified enzymatic activity has been purified from strain SC510 Rif' pXL191 (Debussche et al., submitted). Plasmid pXL191 carries the 5.4-kb fragment (Fig. 3) . The sequence of the NH2-terminal first 15 amino acids of the purified cobyrinic acid a,c-diamide synthase has been determined and matches the amino-terminal sequence of CobB (Fig. 1) , except that methionine, encoded by the initiation codon, has been removed. The first amino acid of this NH2-terminal sequence is a serine, which is among the amino acids proposed to favor methionine excision (5, 22) . The cabB gene is predicted to encode a protein of molecular weight 45,600, in good agreement with the size of the purified monomer. It is concluded that cobB is the structural gene for cobyrinic acid a,c-diamide synthase. Biochemical studies on cobC and cobD mutants. Of the five genes, cobA and cobB have been determined by genetic analysis and nucleotide seqjuencing to encode identified enzymatic activities. The enzymatic. activities of the gene products of cobC, cobD, and cobE remain to be elucidated. One approach to localizing these activities along the cobalamin pathway has been to study the intracellular accumulation of biosynthetic intermediates in mutants complemented by cobC and cobD. Accumulation of intermediates in a mutant is most probably caused by blocking at a step which utilizes the accumulated intermediates as precursors or substrates. Since four of the colb genes, defined by the nucleotide sequence and the genetic study, seem to be translationally coupled, it is likely that a transposon insertion in the upstream region (for instance, a cobA insertion) would have a polar effect on the. expression of the following genes. Therefore, we chose to study mutants obtained after treatment with N-methyl-N'-nitro-N-nitrosoguanidine. A. tumefaciens Cob mutants G634 and G643 and a P. putida Cob G572 mutant were studied for their intracellular content of corrinoids. Since these mutants were A. tumefaciens and 10 ,000 SBL27 Rif: :TnSSpr isolates) was suppressed by the addition of 40 mM (R)-1-amino-2-propanol to PS4 medium. This mutant is believed to be blocked in the synthesis of (R)-1-amino-2-propanol. The EcoRI genomic fragment, into which the Tn5Spr has inserted, was cloned and used as a probe against the previously described plasmids (pXL151 to pXL154, pXL156 to pXL161 and pXL519), which carry all the P. denitrificans cloned cob genes (9) (16) .
For the CobA to CobE proteins, no sequence homology was found with the proteins in GenBank by using the program of Kanehisa (26) . The (19) . SUMT 
